Today, observations of earthquake precursors remain widely debated. While precursory slow slip is an important feature of earthquake nucleation, foreshock sequences are not always observed and their temporal evolution remains unconstrained. Here, we report on stick-slip experiments (laboratory earthquakes) conducted under seismogenic stresses in dry and fluid pressure conditions. We show that the precursory moment release scales with mainshock magnitude irrespective of the slip behavior (seismic or aseismic), the presence of fluid and the fault's slip history. Importantly, this observation is supported by earthquake nucleation theory and holds for natural earthquakes in a magnitude range from Mw6.0 to Mw9.0. Even though a large gap remains between laboratory and natural observations, moderate to large earthquakes may be foresighted through integrated seismological and geodetic measurements of both seismic and aseismic slip during earthquake nucleation.
have indeed shown that AEs are systematically observed prior to the failure of intact or thermally cracked, dry or water saturated granite specimens (22) .
To further investigate the NP of laboratory earthquakes (Fig.2) , we computed the temporal evolution of the fault's mechanical coupling (FC, Methods, Ref. 24 ) as a function of time to mainshock during earthquake sequences recorded both in dry and water-pressurized conditions.
As expected, the fault remained strong (FC~1) during elastic loading. At the onset of the mainshock, FC(t0) decreased to ~0.85-0.7 due to initiation of the nucleation process in dry conditions. With subsequent events, FC(t0) decreased due to fault surface evolution (Fig2. darkest traces; Ref. 10 ). With pressurized fluids, when nucleation initiated, FC consistently decreased to ~0.5 at t0. No influence of the sliding history and fault surface evolution was noted.
The reduced fault coupling and lack of foreshocks (or their size reduction) under fluid pressure conditions could be due to a local increase of the nucleation length at the scale of fault's asperities. The presence of local fluid overpressures influences the dynamics of fault's asperities by changing the distribution of frictional heterogeneities which in turn control both fault coupling and foreshock dynamics (6, 7) .
We now estimate the moment release of both the precursory and co-seismic stages (Fig.3a, Methods). While the temporal evolution of slip and seismicity during nucleation depends on the fault's state of stress (13) , fluid pressure level and cumulative fault slip, we observe that in our experiments Mp systematically scales with M0 (i.e. the magnitude of the instability) (Fig.3a) . The scaling can be shown combining earthquake nucleation theory with the scaling between earthquakes' fracture energy and co-seismic slip. In fact, experimental (2, (24) (25) , seismological (26) and theoretical studies (27) have demonstrated that the fracture energy of earthquakes increases as a power law of their co-seismic slip following: = , where a is a scaling pre-factor, and α a given power (in our experiments a~1.22e10 and α~1.783 (Fig.S4 , Methods).
G can then be used in a small-scale-yielding description to estimate an upper-end value of the nucleation length (1-3) following: = 2 Δ 2 , with the earthquake's dynamic stress drop.
Then, using usual seismological relations (Methods), we get the following scaling relation between precursory and co-seismic moments: 
(Eq 1)
This relationship shows that the larger the released precursory moment, the larger the co-seismic moment of the earthquake. Taking common stress drop values in our experiments ( s = 2 to 40
MPa and d = 5 to 90 MPa, Table. S1) we observe that this relation quantitatively predicts the precursory moment release observed in our experiments. Note that such s and d values are higher than usual earthquake stress drops, due to our finite experimental fault and fixed rupture area. In laboratory earthquakes, most of the elastic energy is accumulated in the apparatus column, i.e. within a volume considerably larger than the sample. The larger the normal stress (σN0) acting on the fault, the larger the elastic energy stored within the sample/apparatus medium and consequently, the larger the coseismic slip and fracture energy if compared to an infinite fault. Therefore, increasing σN0 in our experiments does not necessarily imply a reduction of Lc (2,4,6,9,13) because of the larger s and d . In our experiments, the scaling arises from the relation between uprec and ucos ( Fig.S4 ) and it is noteworthy that uprec, ucos, s , and d evolved spontaneously when faults reached the conditions for instability. Therefore, the scaling between
Mp and M0 resulted from the final value of these four quantities, resulting in values for α slightly larger than those of natural observations (25) (26) . The scaling is also confirmed on mechanical data obtained by previous studies of laboratory earthquakes (Fig.3a, (14) (15) (16) (17) . In the light of our results and because current geodesy generally lacks the resolution to observe aseismic slip (14, 17) , some earthquake sequences may nevertheless present a cascade-like initiation (i.e. small events trigger one another until the main rupture (15) ). Yet, where transients of aseismic slip can be resolved, earthquakes seem to nucleate through a slow slip trigger (16) (17) (19) (20) (21) Valdivia (30) earthquakes, all of which were preceded by large Mw foreshocks. Third, and foremost, independent of initial conditions (fluid pressure, stress and slip history), the larger Mp, the larger M0 (Fig. 3) whether it is released seismically, aseismically or by a combination of both. This confirms that both the number of foreshocks and their characteristic acceleration can differ for a given earthquake magnitude (19) . Moreover, fluid pressures are likely to reduce fault coupling (17, 31) , compared to dry conditions, and, in light of our experiments, regulate foreshock sequences. Significantly, Mp increases with mainshock magnitude. Therefore, the larger the fault patch which will rupture, the larger Lc and the higher the possibility of detecting and following precursory activity of moderate to large earthquakes by combined geodetic and seismological methods. surfaces were grinded to ensure perfect contact and roughened with #240 grit paper in order to ensure a minimum cohesion along the fault's interface and impose a constant fault roughness in all the specimens.
Materials and Methods

Starting samples
Triaxial apparatus and pore fluid system
Experiments were performed on the oil-medium, tri-axial apparatus of ENS Paris 
Acoustic emission monitoring
During experiments, acoustic activity was monitored through 15 piezo-ceramic sensors which consist of a PZT crystal (PI ceramic PI255, 0.5 mm thick and of diameter 5 mm) contained in a brass casing. The sensors were glued directly on the samples with cyanoacrylate adhesive following the sensor map in Fig.S1 . Acoustic waveforms were recorded with two different techniques (13) . First, each unamplified signal was relayed to a digital oscilloscope allowing for the recording of macroscopic stick-slip events within a time window of 6.5 ms at 10
MHz (13) . Second, to record low amplitude acoustic emissions activity, signals were amplified at 45 dB through pre-amplifiers. Amplified signals were then relayed to a trigger logic box. Using this second system, AE's were recorded if at least 4 sensors recorded an amplitude larger than a given threshold, that is set at 0.001 Volts. The complete waveform catalogue was then manually analyzed to remove possible triggers from background noise.
High frequency stress and strain monitoring
Four strain gauges shown in Fig.S1 . were glued ~1 mm away from the fault and allowed a local recording of the axial (ε1) and radial (ε3) strains at 10 MHz sampling frequency. The gauges were wired in a full (Wheatstone) bridge configuration, allowing the direct measurement of ε1-ε3 through the 4*350 Ω resistors. To calibrate the gauges, we assumed a constant Young's modulus of the rock during the elastic loading phase of each event such that we had direct conversion from the strain recorded at the gauge to the corresponding far field differential stress (Δσ). This near-fault sensor allowed recording the dynamic character of each stick-slip event (32) and therefore to estimate the fracture energy of the event (24) .
Loading procedure
For each test, axial and radial pressures (respectively (σ1) and (σ3)) were increased up to 10
MPa. Then, in the case of pore fluid experiments, air was cautiously flushed from the sample by increasing fluid pressure (pf) at the lower end of the sample. Once fluid percolated through the entire sample, fluid pressure was increased up to 5 MPa at the upper and lower ends until pressure and volume equilibrium were reached at both ends. Experiments were then conducted at different effective pressure conditions, where σ'=σ -pf accounts for effective stress. Finally, axial stress was increased imposing a constant volume rate in the axial piston which resulted in initial strain rates-ranging from ~1.10 -5 s -1 to ~3.10 -5 s -1 while (σ3) and (pf) were held constant. Under our experimental configuration, the fault's shear stress (τ) and effective normal stress (σn') were computed following:
and
Due to our experimental configuration, shear and normal stresses increased simultaneously as σ1' increased.
Fault displacement (uf) was computed from the gap sensors located outside the pressure vessel by correcting the direct measurement of axial displacement (uax) from the stiffness of the experimental apparatus (Eycol ~38 GPa) and by projecting the displacement on the fault plane following:
where L is the sample's length; and Δσ is the deviatoric stress.
A summary of the 150+ recorded stick-slip events is presented in Supplementary Table 1 . In these experiments, radial stresses ranged from 50 to 95 MPa and pore fluid pressures from 0 to
Mechanical coupling of experimental faults
To evaluate the degree of mechanical coupling of the experimental fault during stick-slip cycles (FC), we first computed the fault slip rate (u̇f) recorded using the external gap sensors with 1 s centered time windows such that:
Due to the fast strain rates imposed in our experiments compared to tectonic loading rates, we assumed that all deviations in strain rate from a fully coupled fault resulted from slip along the fault (10) . Then, we defined the mechanical coupling of the fault as the ratio between the estimated fault slip rate to the imposed displacement rate when the fault is fully coupled (u̇0) such that: = (̇̇0). This estimation of the fault coupling is comparable with the one derived from geodetic measurements along natural faults (23, 33) .
Corrections for elastic displacement and calculation of precursory and co-seismic moment in laboratory earthquakes.
In all our experiments (Table.S1), the corrections for elastic displacement of the sample and apparatus deformation were performed replacing Eycol in (Eq4). by a new constant Eysystem which was computed individually for each event. In that sense, the change in elasticity was corrected after each dynamic slip event. For the external points (Refs. 34-36 the data was manually recovered. Then, the data were corrected for elasticity and the shear stress -slip curves were plotted (examples are shown in Fig.S2.) . Values of maximum shear stress at the onset of instability (τ0), shear stress drop (Δσ), precursory slip (uprec) and co-seismic slip (ucos) were recovered from those curves (Fig. S2.) and reported in Table. . From these relationships we get a scaling between the precursory moment Mp, the stress drop, and the fracture energy G:
The seismic moment is M0=µ.ucos.L 2 and the co-seismic static stress drop is = .
. , where C is a geometric factor equal to 7/16 for a circular crack and μ the rock's shear modulus (37) . From these two relationships, we get:
Experimental (2, 24, 25) , seismological (26) and theoretical studies (27) demonstrated that the fracture energy of earthquakes increases as a power law of their co-seismic slip, which is a proxy for the rupture length and can be written as:
Where a is a scaling pre-factor, and α a given power. In our experiments, we find a~1.22e10
and α~1.783 (Fig.S4. ).
Combining equations (Eq6)-(Eq8), we get the following scaling relation between precursory and co-seismic moments: Precursory and co-seismic moment release in natural Earthquakes.
To compute the precursory and co-seismic moment release for natural earthquakes different methods were used in the literature and are detailed below for each point of Figure.3b . The values for Mp and M0 are given in Table. S3. Note that in this analysis, we assume that all the recorded precursory slow slip contributes to the nucleation of the mainshock, therefore, the spatiotemporal frame taken for nucleation is the largest possible in all cases.
- Analyzing the slip and seismicity that preceded the 2012 Nicoya Mw7.6 Earthquake, Voss et al. were able to study data from 20+ GPS stations which were located in a peninsular area and therefore close to the mainshock's epicenter. From their analysis, the authors propose that a Slow Slip Event started 6 months prior to the mainshock. They conclude that the coulomb frictional stress change prior to the mainshock was low and therefore they discard a cascade-like nucleation process. The authors estimate the precursory moment release to an equivalent Mw6.5 event which results in an estimated Mp~7.16e18 N.m and M0~ 3.20e19 N.m.
In addition, the authors compile a number of earthquakes where precursory aseismic slip was observed (their supplementary Table S1 ) from which we have plotted the additional points in figure 3 In their work, Ruiz et al. studied the nucleation phase through GPS and repeater type seismicity of the 2017 Mw6. 9 Valparaiso earthquake. They conclude that most of the precursory deformation phase was aseismic (80% of the precursory seismic moment) and they estimate the precursory moment release to an equivalent Mw6.55 event which results in an estimated Guglielmi et al., (2015) , the authors performed semi-controlled hydraulic injections into a natural fault and recorded the fault's response in terms of slip and seismicity. From their Figure 1 , a precursory aseismic slip event precedes the occurrence of micro seismicity and a slip acceleration phase. While in this study a mainshock cannot be clearly defined, we assume that the whole slip event without any seismicity contributes to precursory moment release and the second -seismic--slip phase contributes to co-seismic moment release. From their mechanical data and modelling, the authors estimate a 15 m radius for the precursory slipping zone and a total precursory slip of 35 cm. For the 'co-seismic slip phase', the authors estimate a 35 m radius for the second slipping zone and a total slip of 95 cm. From this, considering the shear modulus of the rock to be 30 GPa, we estimate Mp= 1.86e12 N.m and Mp= 2.74e13 N.m. a. Red curve, extracted raw data for intact rock from ref (Summers and Byerlee, 1975) . Blue curve: same dataset corrected from elastic deformation to get only fault slip and on-fault shear stress (Methods). Examples are shown of uprec and ucos. values in the first event. b. Example of dataset from our experiments. Corrections for elasticity account for the change in shear stiffness for every event. 1.783 , which is the best fit to the data points. 
